T he spliceosome is a massive assembly of 5 RNAs and many proteins that, together, catalyze precursor-mRNA (pre-mRNA) splicing. The splicing mechanism involves 2 steps: (i) cleavage of the 5Ј exon-intron phosphodiester bond and formation of a new 2Ј-5Ј bond resulting in an intron ''lariat,'' and (ii) exon ligation (Fig. 1A) . This 2-step phosphoryl transfer mechanism is suspiciously identical to the reaction catalyzed by the group II self-splicing introns, which are ribozymes. The precedent for a ribozymecatalyzed splicing mechanism, combined with the fact that the spliceosome has an RNA core that has been highly conserved for Ͼ1 billion years, led researchers to hypothesize that the spliceosome may use an RNA-based catalytic mechanism (1). However, the spliceosome as ribozyme hypothesis has been exceedingly difficult to prove, for 2 major reasons. First, the spliceosome contains many proteins that are essential for splicing (2). Second, the uncatalyzed rate of RNA ligation in vitro is significant when measured over many hours (3). This latter point makes it difficult to establish whether an inefficient reaction is actually caused by a catalytic rate enhancement or occurs spontaneously because of template-driven proximity. This is a particular concern for 1-step phosphoryl transfer reactions. Furthermore, it is possible to serendipitously obtain unrelated activities from RNAs, perhaps because a significant region of RNA conformational space retains some degree of catalytic activity (4). Therefore, it is important to be very cautious when interpreting an inefficient RNA-based reaction. The relevance of using engineered, protein-free RNA systems to study splicing has been recently argued (5, 6). In a recent issue of PNAS, Valadkhan et al. (7) demonstrated that an RNA complex derived from the spliceosome can perform a reaction that resembles splicing (Fig. 1B) . This finding is significant because the reaction appears to be identical to the second step of splicing and is Ϸ10-fold more efficient than previous studies that used similar ).
T he spliceosome is a massive assembly of 5 RNAs and many proteins that, together, catalyze precursor-mRNA (pre-mRNA) splicing. The splicing mechanism involves 2 steps: (i) cleavage of the 5Ј exon-intron phosphodiester bond and formation of a new 2Ј-5Ј bond resulting in an intron ''lariat,'' and (ii) exon ligation (Fig. 1A) . This 2-step phosphoryl transfer mechanism is suspiciously identical to the reaction catalyzed by the group II self-splicing introns, which are ribozymes. The precedent for a ribozymecatalyzed splicing mechanism, combined with the fact that the spliceosome has an RNA core that has been highly conserved for Ͼ1 billion years, led researchers to hypothesize that the spliceosome may use an RNA-based catalytic mechanism (1). However, the spliceosome as ribozyme hypothesis has been exceedingly difficult to prove, for 2 major reasons. First, the spliceosome contains many proteins that are essential for splicing (2) . Second, the uncatalyzed rate of RNA ligation in vitro is significant when measured over many hours (3) . This latter point makes it difficult to establish whether an inefficient reaction is actually caused by a catalytic rate enhancement or occurs spontaneously because of template-driven proximity. This is a particular concern for 1-step phosphoryl transfer reactions. Furthermore, it is possible to serendipitously obtain unrelated activities from RNAs, perhaps because a significant region of RNA conformational space retains some degree of catalytic activity (4) . Therefore, it is important to be very cautious when interpreting an inefficient RNA-based reaction. The relevance of using engineered, protein-free RNA systems to study splicing has been recently argued (5, 6) . In a recent issue of PNAS, Valadkhan et al. (7) demonstrated that an RNA complex derived from the spliceosome can perform a reaction that resembles splicing (Fig. 1B) . This finding is significant because the reaction appears to be identical to the second step of splicing and is Ϸ10-fold more efficient than previous studies that used similar RNAs (8) (9) (10) ).
An interesting aspect of this new reaction is that the first step seems to be generated via hydrolysis rather than by a 2Ј-5Ј branching reaction (Fig. 1B) . This finding is different from spliceosomecatalyzed pre-mRNA splicing ( Fig. 1 A) , but has precedence among the group II ribozmes (11) . The second step of the reaction, however, results in exon ligation and formation of a new 5Ј-3Ј bond, just as in splicing. This reaction also has sequence requirements that closely parallel those of the spliceosome and requires magnesium. These data support, but do not prove, the idea that the reaction is related to pre-mRNA splicing. In future experiments, it will be important to investigate this reaction further for its mechanistic parallels to splicing. Currently, it is not clear how the substrate RNAs are coordinated in the reaction, and whether or not the system faithfully recapitulates the interactions in the spliceosome remains to be determined. Another important question concerns how the catalytically essential metal ions are coordinated, as compared with in the spliceosome. Fortunately, a great deal of information is already available for both the group II introns and the spliceosome. The group II and spliceosomal pre-mRNA splicing mechanism. The 5Ј exon is white, the 3Ј exon is brown, and the intron is shown as a black line. 5Ј denotes a 5Ј phosphate, 3Ј is a 3Ј hydroxyl, and 2Ј is a 2Ј hydroxyl group. The first and second steps are shown. (B) The protein-free 2-step reaction produced by RNAs derived from the human U2 and U6 RNAs.
Step 1 involves hydrolysis of the 5Ј exon containing RNA. In step 2, the 3Ј hydroxyl of the 5Ј exon attacks the 5Ј phosphate of the 3Ј exon, resulting in exon ligation. (C) Schematic diagram of the human U6 and U2 RNA complex. U6 is mostly red, and U2 is mostly gray. The highly conserved ACAGAGAA sequence and AGC sequences of U6 are blue and orange, respectively; the metal ion coordination site within the U6 ISL is purple and highlighted by a star. U2 helix 1 is shown in green. (D) Crystal structure of the group II self-splicing intron (Protein Data Bank ID code 3EOG). Regions thought to be structurally analogous to spliceosomal RNAs are color-coded to match C. The 2 catalytic metal ions are shown as magenta spheres. The ligated exon product is not shown.
Both the group II introns and the spliceosome use similar metal ion-dependent catalytic mechanisms (12) . The group II intron crystal structure has been solved (13, 14) and provides tantalizing clues as to how the spliceosome might use an RNA-based active site to catalyze splicing. The group II introns contain a highly conserved central domain (D5) that coordinates 2 metal ions in the active site (Fig. 1D) . These metal ions are required for nucleophile activation and leaving group stabilization, a common catalytic strategy (15) . The spliceosome contains a remarkably similar structure, termed the U6 internal stem loop (U6 ISL) (16, 17) (Fig. 1C) . The U6 ISL coordinates one or more metal ions essential for catalysis (18) . Other structural similarities include a conserved AGC triad at the base of D5 and the U6 ISL and an ACAGAGA sequence in U6 that appears analogous to the J2/3 region of the group II intron structure (13) (Fig. 1 C and D) . The new reaction described by Valadkhan et al. (7) provides an interesting and tractable system for further examining these intriguing parallels between U6 RNA and the group II introns.
Spliceosome assembly requires the action of numerous proteins (2) . Therefore, it should perhaps be considered a ribonucleoprotein enzyme, or RNPzyme (19) . The ribosome, however, can be more easily considered a ribozyme, because its active site is comprised entirely of RNA (20) , and deproteinized ribosomes retain 20-40% activity (21) . The ratio of protein/RNA in the spliceosome, however, is much higher than in the ribosome. Eukaryotic ribosomes contain 82 integral proteins, whereas human spliceosomes associate with Ϸ300 proteins (22) . The most likely candidate for an active-site protein in the spliceosome is Prp8. Prp8 has been cross-linked to the 5Ј splice site and appears to functionally interact with both splice sites during splicing (23, 24) . Recent crystallographic data show that a region of Prp8 that cross-links to the 5Ј splice site folds into an RNase H domain (25) (26) (27) , which is remarkable, because RNase H domains catalyze the cleavage of phosphodiester bonds in RNA by using a 2-metal-ion mechanism (28) . However, because the Prp8 RNase H domain structure contains only 2 of the 4 conserved carboxylates required for metal ion coordination, it is not able to coordinate metal ions by itself. It is tempting to hypothesize that U6 RNA provides the remaining ligands needed for coordination of catalytic metal ions.
The ultimate proof of whether or not the spliceosome uses an RNA-based catalytic mechanism will require a highresolution crystal structure. However, so far we have only visualized this enzyme through an electron microscope at a resolution of Ϸ30 Å (29) (30) (31) . When the crystal structure is finally obtained, we will see how a ribozyme similar to the group II introns evolved to use both RNA and protein to catalyze premRNA splicing.
